ABSTRACT
Intravascular fibrin clots are resolved by plasmin acting at the interface of gel-phase substrate and fluid-borne enzyme. The classic Michaelis-Menten kinetic scheme cannot describe satisfactorily this heterogeneous-phase proteolysis, because it assumes homogeneous well-mixed conditions. A more suitable model for these spatial constraints, known as fractal kinetics, includes a time-dependence of the Michaelis coefficient Km and increased the lysis rate suggesting a role of C-terminal lysines in the progressive clustering of plasmin. This fractal kinetic concept gained structural support from imaging techniques. Atomic force microscopy revealed significant changes in plasmin distribution on patterned fibrinogen surface in line with the time-dependent clustering of fluorescent plasminogen in confocal laser microscopy. These data from complementary approaches support a mechanism for loss of plasmin activity resulting from C-terminal lysine-dependent redistribution of enzyme molecules on fibrin surface.
The scaffold of intravascular blood clots that are responsible for the acute tissue damage in ischemic cardio-and cerebrovascular disease is composed of fibrin meshwork and accordingly its dissolution is a primary strategy in the treatment of acute myocardial infarction and stroke (1, 2) . This therapeutic approach is based on the administration of tissue-type (or other) plasminogen activator that attacks the clot from the circulating blood and binds to the surface of fibrin forming an interfacial layer, in which plasminogen is converted to plasmin, a protease capable of hydrolyzing the fibrin matrix to water-soluble degradation products (FDPs) (reviewed in 3). Even if plasmin is generated by fibrin-bound activator, it needs to detach in order to attack the susceptible cleavage sites in fibrin. Thus, a layer adjacent to the surface is formed, in which free plasmin is in equilibrium with the fibrin-bound enzyme engaged in catalytic action. As a result of fibrin break-down, this lytic front moves from the surface to the core of the clot and the rate of its migration characterizes the overall efficiency of thrombolysis (4, 5) . Recently, direct plasmin application to the surface of thrombi has been proposed as a safe and efficient thrombolytic modality (reviewed in 6). Thus, independently of the plasmin source (local generation or bulk fluid phase-borne) all available enzyme-based approaches to resolve fibrin clots involve proteolytic events at the surface of a solid phase substrate. The optimization of the current thrombolytic agents and the design of new thrombolytics would greatly benefit from kinetic models that adequately treat this heterogeneous phase catalytic process. However, at present the treatment of fibrinolysis in enzymological terms lacks a model with parameters, which are mechanistically related to discrete steps of plasmin action.
The existing kinetic models of fibrinolysis fall largely into three categories. In certain cases (e.g. our earlier work 7) the global efficiency of proteases acting on fibrin could be characterized with phenomenological kinetic parameters that allow adequate comparison of different enzymes, but lack mechanistic content. A different approach builds upon diffusion, binding and catalytic data gained in separate experiments in attempt to reconstitute the global course of interfacial proteolysis from these discrete events (8) (9) (10) . In these models the discrete steps are mechanistically substantiated, but due to the complex nature of the examined phenomenon a high number of independently gained parameters are necessary, which inevitably leads to simplifications to account for the variability of the conditions, under which these are derived, and thus some essential mechanistic aspects can be overlooked. For example, although 80 % of the fibrin fiber volume is occupied by water (11, 12) , this space is highly compartmented by the protofibrils aligned in parallel within the fibers and by the higher ordering of the fibers encompassing three-dimensional pores. However, in environments with similar fixed geometric obstacles within cells, or in the extracellular matrix, anomalous diffusion is observed (13, 14) . Thus, any model that is based on diffusion, binding and reaction rate parameters gained in homogeneous dilute solutions is necessarily just an approximation of the real situation in fibrin, where an additional level of complexity is rendered by the variability of fibrin meshwork structure (e.g. in cell-free areas of in vivo human thrombi the fiber diameter varies in the range 100 -200 nm and the pore diameter in the range 160 -380 nm) (15) . The third type of kinetic models of interfacial proteolysis in fibrin overcomes the limitations related to the deviation from the homogeneity assumptions by introducing a microscale stochastic approach, which operates with single enzyme molecules rather than enzyme concentrations in deterministic equations (16) .
This approach circumvents the necessity for assumptions of conventional transport phenomena, but its theoretical predictions for the efficiency of individual enzyme molecules have received only indirect support from experiments, because currently there are no direct data that track the behavior of separate molecules in the course of fibrinolysis. The present study was undertaken in attempt to combine the advantages of the existing kinetic models of fibrinolysis (operating with parameters based on easily accessible empirical data) and to minimize their limitations (adding mechanistic meaningfulness to these operational parameters based on nanoscale tracing of molecular events). Following the recent advances in single-molecule experimentation, significant effort is put at present to express the stochastic behavior of molecules in global kinetic rate equations (17) and thus our work translates this current focus of enzyme kinetics theory to the field of fibrinolysis developing a mechanistically validated tool for experimental investigation of the process.
Fractal kinetics provides a theoretically well-substantiated approach to describe chemical reactions under dimensional or topological constraints (18) . According to this concept as a result of spatial restrictions in diffusion, the reactants cluster and segregate in the course of the reactions, which implies ageing of the reaction system (i.e. at identical instantaneous reactant concentrations at the time of observation, the reaction in an "older" system proceeds at a lower rate than in a "younger" one because of the more advanced degree of segregation) (18) . This feature of fractal kinetics is reflected in the time-dependence of the instantaneous reaction rate coefficient k, which replaces the rate constant of classic kinetics (k=k0(1+t) -h , where k0 is the initial rate coefficient, t is time and h is a system-dependent exponent). As discussed above, fibrin forms multiple structured obstacles to fluid-borne enzymes and thus a fractal kinetic model could be potentially adequate to describe the plasmin-catalyzed degradation of fibrin. If the catalytic process is simplified to a three-step reaction scheme
, where E is plasmin, FgR is fibrin in the reactive interface and the rate coefficients of the separate reactions are indicated by k, the spatial constraints of the fibrin network affect only the diffusing reactant (E) resulting in a time- can be applied in a modified form, in which the Michaelis constant
. A similar modification of the MichaelisMenten model has been successfully applied in a different experimental setting (20) . In the present study the analytical power of the fractal kinetic treatment of fibrinolysis has been tested on various fibrin structures and for known modifiers of plasmin action in order to establish its practical benefits.
EXPERIMENTAL PROCEDURES
Generation of plasmin-Plasmin was generated using plasminogen (isolated from human plasma activated by streptokinase (Calbiochem, LaJolla, CA, USA) at 172.5 U/mg zymogen.
Plasmin concentrations were calculated by a method described elsewhere (21) . The uncertainties in the actual initial plasmin concentration
Turbidimetric fibrinolytic assay and initial data processing-
were accounted for by the factor
with probability distribution calculated from measurements of the ratio (A405 on fibrin surface/A405 in fibrin-free system) and implemented in the kinetic model as described in Supplemental Information. In our model the plasmin-catalyzed degradation of fibrin in VR is described with the following scheme
Fractal kinetic model of the fibrinolytic process and estimation of its parameters-
where the rate coefficients of the separate reactions are indicated by k. The assumption for fractal kinetic behavior of plasmin under the spatial constrains of the fibrin network results in time dependence of the rate coefficient for the association of plasmin and fibrin 1
thus the Michaelis coefficient
The interaction of plasmin with fibrin degradation products is accounted for by a rapid
.
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. For derivation of the kinetic equations of the model system the steady state assumption
and to the differential equation 
is a random variable with known distribution, the resulting Fmodel is also a random variable with mean and standard deviation estimated using triple calculation of the derived Fmodel function (see Supplemental Information). The parameters Scanning electron microscope (SEM) imaging of fibrin-Fibrinogen (5.9 M in 25 mM Naphosphate pH 7.4 buffer containing 75 mM NaCl) was clotted for 1 h at 37 °C with 5 or 100 nM thrombin in Eppendorf tubes (pre-treated with 25 v/v% Triton X-100 solution for 1 h and thoroughly washed with water). Clots were fixed, dehydrated, sputter coated with gold and examined as described in (15) . Preparation of patterned fibrinogen substrate surface with micro-contact printing and monitoring of plasmin distribution with AFM-Fibrinogen was printed on mica using microcontact printing (25, 26) . A 15 mm diameter poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning) rubber stamp patterned with pillar arrays of 0.7 m diameter was prepared by replication molding of silicon micropatterns prepared using optical lithography techniques. The PDMS stamp was incubated in 1 g/l fibrinogen (in PBS: 0.01 M sodium phosphate buffer, 150 mM NaCl, pH 7.4) for 1 hour; the stamp was then rinsed in PBS for 5 minutes, dipped in distilled water and dried with N2 flush. Freshly cleaved mica was used as the substrate for stamping experiments. The PDMS stamps were placed onto the mica, adequate stamping of proteins onto the substrate was ensured. The stamp was carefully peeled off thereafter, and the substrate surface was incubated in 1 g/l bovine serum albumin (Sigma, Budapest, Hungary) in PBS for 1 hour to allow coating of areas of the surface not occupied by fibrinogen. Samples were incubated in 0.01 or 1 nM plasmin in PBS. The reaction was stopped after 1 or 5 min by withdrawal of plasmin solution and dilution with PBS. Fixing was performed with 1 v/v % glutaraldehyde in PBS for 10 min. Ethanolamine was applied for 10 min to eliminate unbound glutaraldehyde. The samples were then incubated in nanogold-labeled anti-plasmin antibody (diluted to 2 mg/l in PBS) for 1 hour at room temperature. Each of the above mentioned steps were followed by rinsing the sample in PBS for 5 minutes. Thereafter samples were examined with AFM as described above for fibrin imaging. Images were processed using NanoScope Analysis software 1.40 (Bruker, Germany) as described below.
Atomic force microscopic (AFM) imaging of fibrin-

Height analysis of AFM images of patterned fibrinogen surface and determination of bearing
ratio-The average height of stamped fibrinogen layer was determined using height analysis of samples prior plasmin digestion. Bearing analysis was carried out on 1.5×1.5 μm regions of plasmin-treated samples, each containing a single square of printed fibrinogen, 27-54 regions per image at 4,500x magnification or 9 regions at 13,000x magnification (data analysis was carried out on 4 independent sets of experiments). To measure the percentage of surface area occupied by fibrinogen, bearing depth was set to 3 nm (based on results from control measurements). By setting the bearing depth value to 5 nm, the percentage of area occupied by plasmin on the surface of fibrinogen is measured. To determine the occupancy of fibrinogen surface by plasmin, the fraction of fibrinogen surface area occupied by plasmin was calculated for each of the 
RESULTS AND DISCUSSION
Fractal kinetic treatment of progress curves in fibrinolysis-The turbidimetric assay (Fig. 1) is a robust experimental setup to acquire high number of data points for the resolution of preformed fibrin by fluid-phase borne plasmin. The optical signal in this assay is always proportional to the amount of intact fibrin with monomer concentration Fg0 in the volume Vd.
The catalytic process occurs in the interface formed after the addition of plasmin at concentration 0 0 t E in volume Vu. As a result of fibrin degradation and release of FDPs small enough not to produce any optical signal, Vd continuously decreases and Vu increases with consequent dilution of free plasmin in the bulk fluid phase. However, if the classic Michaelis-Menten model is applied for the catalytic events in the reactive layer VR, this dilution factor cannot account for the deceleration trend in the progress curves of lysis (Fig. 1A) ; systematic deviations of the optimized model predictions from the measured values are seen at all stages of the process. Importantly, our numeric treatment of the model progress curves takes into account the variability in the plasmin concentration in the reactive layer through a randomizing factor based on independent measurements of plasmin activity retained at the fluid-fibrin interface, but even with this larger standard deviation (SD) allowance arising from the initial concentration (Table 1) . Such a dependence of the apparent Michaelis constant on enzyme concentration in heterogeneous phase fibrinolysis is not unexpected in view of the recently developed generic rate law for surface-active enzymes (27) . As elegantly demonstrated in this theoretical study, if a fluid-phase enzyme acts on a surface-bound substrate, the value of the Michaelis constant appears larger at increasing enzyme concentration, because the available area for absorption decreases monotonously when more enzyme is applied. Thus, our heterogeneous phase fibrinolytic assay provides empirical support for this theoretical prediction. The accompanying decrease in the fractal exponent h of our model at higher plasmin concentration (Table 1) can be also attributed to the effect of available absorption area, which in the course of time poses constant limits to the clustering potential, whereas the fraction of uniformly dispersed enzyme is proportional to the total concentration. The phenomenological consequence is weaker time-dependence of F m K .
Fibrin structure as a modifier of the fractal kinetic behavior of plasmin-Fibrin is not a simple
surface substrate; at identical monomer concentration various structures are formed depending on the polymerization conditions (Fig. 1D, Insets) . As we and others have previously shown (4, 5 and studies cited therein), fibrin formed at high thrombin concentration resulting in thin fibers is more difficult to dissolve on macroscopic scale than fibrin formed at low thrombin composed of thick fibers despite the faster digestion of individual thin fibers. This controversy is reflected in and explained by the values of the parameters of our present fractal kinetic model for the fibrin formed at 5 and 100 nM thrombin ( Table 1 ). The moderately (by 30 %) higher (Fig. 1D ) and thus deceleration of the lysis. According to the hypothesis for the 'crawling' action of plasmin (28) because of the closer distance of binding sites in the cross-section of the fibrin fibers (6 nm on neighboring monomers in transverse section versus 22.5 nm in longitudinal direction along the protofibrils) plasmin moves preferentially in a lateral direction leading to transection of the individual fiber before dissociation and diffusion of the enzyme molecule to a remote site in the same or different fiber. Thus, plasmin cleaves the single thin fibers faster with fewer monomers in the cross-section, but with the progress of the lysis digestion becomes more dependent on the slower diffusion steps. In contrast, the larger mass within a single cross-section requires longer time for cleaving individual fibers in coarse fibrin, but because of the fewer fibers, the decelerating effect of the propagating diffusion-mediated jumps to remote fibers is less pronounced in this fibrin architecture (lower h value, Table 1 ; slower increase of the 
Impact of modifiers of plasmin-fibrin interactions on the fractal kinetic parameters-We have recently shown that the continuous action of carboxypeptidase B (CPB) in lysing fibrin
accelerates the plasmin-mediated fibrinolysis through removal of newly exposed C-terminal lysine residues (29) . A comparable effect could be observed in a heterogeneous phase fibrinolytic assay in the presence of 1 mM -aminocaproic acid (ACA), whereas ACA at concentrations above 5 mM inhibits the plasmin action ( Fig. 2A) . The inhibiting effect of ACA is in agreement with the known interference of this lysine analog with the lysine-dependent binding of plasmin to fibrin resulting in maximal inhibition of fibrin monomer digestion at 5 mM concentration (7). However, neither the CPB, nor the low-concentration ACA effects can be adequately treated in quantitative terms with classical enzyme kinetic models, whereas the fractal kinetic model could be successfully applied under these modified conditions too (Fig. 2B&C) .
The time-dependent increase in the K in the modifier-free fibrinolytic assay (Table 1) . No increase in Km was observed in the CPB-modified fibrin, which can be attributed to two opposing consequences of the CPB action. The removal of the C-terminal lysines exposed by plasmin would raise the Km similarly to
ACA, but the presence of CPB at the stage of fibrin formation resulted in thinner fibers (e.g. 8 U/ml CPB decreases the median fiber diameter in 6 M fibrin from 144 nm to 109 nm) (29), a structure similar to the one formed by 100 nM thrombin, in which plasmin operates with lower (Table 1) . Thus, the effects of CPB on the parameters of the fractal kinetic model support the primary role of the progressive rise of F m K in the relative lytic resistance of fibrin with fine structure; if this factor is eliminated by CPB, plasmin acts with a constant lower Km and the overall course of lysis is significantly faster (Fig. 2A) .
Structural evidence for progressive clustering of plasmin on fibrin surface-Because the key element of the fractal kinetic model discussed above is the clustering of plasmin molecules on the structured substrate surface, direct morphological evidence was also sought to substantiate this mechanism of action suggested by the macroscale course of fibrinolysis. On a microscopic scale, the distribution of plasmin on the surface of fibrin was monitored with the help of a fluorescent recombinant plasminogen variant plasminogen-S:A-CFP, which contains all fibrinbinding sites of plasmin, but cannot exert any catalytic activity with its active site serine replaced by alanine (Fig. 3) . As a result of non-fluorescent plasmin action, new plasmin(ogen) binding sites become exposed in the reactive layer. This reorganization of the substrate surface altering the binding pattern of plasmin(ogen) is reflected in the behaviour of the fluorescent plasminogen variant. As shown in Fig. 3 , although applied in a homogeneous solution to the surface of fibrin, following a 1 min digestion of fibrin with plasmin, plasminogen clusters were formed on the surface linked by a continuous layer of weaker plasminogen-related fluorescence. At a later stage of digestion the sites of the earlier clusters showed no detectable accumulation of plasminogen (arrows in Fig. 3 ), clusters were seen at different locations suggesting dynamic redistribution of plasmin(ogen) at the fluid-fibrin interface with increasing degree of heterogeneity. The focal nature of plasmin action was clearly demonstrated by the nanoscale traces in the AFM images of lysing fibrin (Fig. 4) . However the same images also indicate that the random spatial arrangement of the fibrin fibers does not allow objective quantitation of the degree of heterogeneity of plasmin distribution on the surface of this network. To overcome this difficulty we designed a substrate surface for plasmin with structured pattern composed of fibrinogen arranged in well-defined squares (Fig. 5) . Because of the regular pattern of the substrate, the relative area of intact fibrinogen covered by plasmin molecules could be reliably estimated based on the ratio of cross-section area at 5 nm height (corresponding to the nanogold-labeled antiplasmin antibody-enhanced plasmin on top of fibrinogen) and the cross-section area at 3 nm (corresponding to the height of the intact fibrinogen surface) shown as bearing ratio in Fig.   5B&C . Visual inspection of the AFM images (Fig. 5A ) evidences that at 1 min digestion, plasmin clusters were smaller in size and more uniformly dispersed over fibrinogen than at 5 min digestion, when larger clusters were preferentially localized at the edges of fibrinogen squares.
Height analysis showed that this progressive clustering was not due to an absolute decrease in the fibrinogen area available for plasmin binding, but to redistribution of plasmin over the intact fibrinogen surface that could be quantitatively expressed as bearing ratio (Fig. 5B&C ).
Decreasing relative occupancy of the intact substrate surface by plasmin is an indicator for loss of homogeneous distribution of the enzyme that occurs progressively in time (Fig. 5C ) and is accelerated with the increase in enzyme concentration (Fig. 5B) . Micro-contact printing creates a structured, heterogeneous surface for plasmin action. However, this method does not allow utilization of highly insoluble substances, e.g. fibrin. This is a limitation of the experimental system used here, because fibrinogen does not form polymers, and neither does it contain all plasmin(ogen) binding sites present in fibrin (30) . With this limitation in mind, the dynamic clustering of plasmin on the patterned fibrinogen surface can be translated to the hypothetical situation in fibrin according to the scheme in Fig. 5D . At stage I (initial) the more uniformly dispersed enzyme and the larger available area allow for higher rate of association to fibrin reflected in lower initial values of In conclusion, our study has substantiated in mechanistic terms a fractal kinetic model that describes satisfactorily the action of plasmin on fibrin surface. In this work earlier theoretical predictions for the behavior of surface-acting enzymes (18, 27) and qualitative evidence for spatially constrained migration of plasmin in the network of fibrin fibers (28) this model could contribute to the rational design of better thrombolytic agents to combat cardioand cerebrovascular disease, the major morbidity and mortality cause in the world.
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TABLES

Fibrin was prepared from fibrinogen at different concentrations clotted with 5 nM thrombin (or 100 nM thrombin indicated as Th100). For evaluation of the effect of -aminocaproic acid (ACA) and carboxypeptidase B (CPB) CPB was mixed with fibrinogen at 8 U/ml prior clotting, whereas ACA was added together with plasmin at the surface of the clot.

If a fractal kinetic model was used (h≠0), the values of absent from the plane of the section, whereas the plasmin molecules form clusters, the sites of which can be traced back to the loci of digestion observed in the AFM images (Fig. 4) . 
